The protein mini-chromosome maintenance 10 (Mcm10) was originally identified as an essential yeast protein in the maintenance of mini-chromosome plasmids. Subsequently, Mcm10 has been shown to be required for both initiation and elongation during chromosomal DNA replication. However, it is not fully understood how the multiple functions of Mcm10 are coordinated or how Mcm10 interacts with other factors at replication forks. Here, we identified and characterized the Mcm2-7-interacting domain in human Mcm10. The interaction with Mcm2-7 required the Mcm10 domain that contained amino acids 530 -655, which overlapped with the domain required for the stable retention of Mcm10 on chromatin. Expression of truncated Mcm10 in HeLa cells depleted of endogenous Mcm10 via siRNA revealed that the Mcm10 conserved domain (amino acids 200 -482) is essential for DNA replication, whereas both the conserved and the Mcm2-7-binding domains were required for its full activity. Mcm10 depletion reduced the initiation frequency of DNA replication and interfered with chromatin loading of replication protein A, DNA polymerase (Pol) ␣, and proliferating cell nuclear antigen, whereas the chromatin loading of Cdc45 and Pol ⑀ was unaffected. These results suggest that human Mcm10 is bound to chromatin through the interaction with Mcm2-7 and is primarily involved in the initiation of DNA replication after loading of Cdc45 and Pol ⑀. RECQL4, Cdc45, and Sirt1 (31-36). However, it is not fully
Eukaryotic DNA replication is tightly coupled with cell cycle progression to ensure that the entire genome is duplicated only once per cell cycle. Recent analyses using different systems have shown that the process that initiates eukaryotic DNA replication from a large number of origins is highly conserved (1) . The initiation of DNA replication consists of two major processes: the formation of a pre-replication complex (pre-RC) 2 in G 1 phase and the activation of pre-RCs in S phase. During G 1 phase, the origin recognition complex (ORC) recruits Cdc6 and Cdt1, which facilitate the loading of the double-hexameric Mcm2-7 complex to form a pre-RC (2) (3) (4) (5) (6) . At the G 1 /S transition, the pre-RC is activated by Cdc7/Dbf4 kinase (DDK) and S phase cyclin-dependent kinases (S-Cdks) (7, 8) . DDK phosphorylates Mcm4 and Mcm6 to promote its interaction with Cdc45 on chromatin and the recruitment of Sld3/7 onto a pre-RC (9 -11) . Cdk phosphorylates Sld2 and Sld3 and facilitates their interaction with Dpb11 (12, 13) , which triggers the recruitment of Sld2, Dpb11, Pol ⑀, and GINS (7, 14) . Finally, Mcm2-7 interacts with Cdc45 and GINS to form the active replicative helicase complex called the CMG complex (15) (16) (17) .
After the DNA is unwound at the replication origin, the single-stranded DNA-binding protein RPA (replication protein A), Pol ␣, and other elongation factors including proliferating cell nuclear antigen (PCNA) are recruited (18, 19) . Additionally, the components of the checkpoint pathway as well as chromatin remodeling factors are recruited to the replication fork to monitor the progression of S phase (20 -22) .
Mcm10 was originally identified in Saccharomyces cerevisiae as an essential protein in screens for genes that are required for maintenance of mini-chromosome plasmids and subsequently shown to be required for chromosomal DNA replication (23) . The phenotype of the mcm10 mutant is similar to that of several known initiation mutants (23) . Budding yeast Mcm10 has multiple functions: interacting with Mcm2-7 and DNA (23) (24) (25) , interacting with Pol ␣ as a molecular chaperone (26) , and interacting with PCNA as diubiquitinated Mcm10, which is essential for cell growth (27) . These results suggest that budding yeast Mcm10 is involved in both the initiation and the elongation of DNA replication. Mcm10 is also involved in checkpoint control (28) as well as transcriptional silencing (29, 30) , which is independent from its roles in DNA replication. Mcm10 homologs have been identified in metazoans and reported to interact with DNA and various proteins including Mcm2-7, Pol ␣, And-1, understood how Mcm10 interacts with multiple replication factors at replication forks and how the interaction is regulated throughout the cell cycle.
Additionally, its exact contribution to chromosomal DNA replication is still controversial, because there are multiple discrepancies among studies on Mcm10. Studies in budding yeast, fission yeast, Xenopus, Drosophila, and humans have shown that Mcm10 is required for the recruitment of Cdc45 to origins and formation of the CMG complex (37) (38) (39) (40) (41) . The chromatin loading of Mcm10 is independent of Cdk2 and Cdc7 in a Xenopus egg extract system (37) . Conversely, recent studies in budding and fission yeast using degron mutants have shown that a stable CMG complex forms in the absence of Mcm10 (42) (43) (44) . The results from an in vitro reconstitution system using budding yeast extract also suggest that the CMG complex associates with the origin DNA in the absence of Mcm10 (7, 8) . Furthermore, recruitment of Mcm10 is dependent on Cdc45, GINS, DDK, and S-CDK (7, 8) . Recent results obtained in a Xenopus egg extract system also support that chromatin loading of Mcm10 requires DDK and S-CDK (45) .
In budding yeast and mammalian cells, Mcm10 is reported to stabilize Pol ␣ (26, 32) . Alternatively, another study has shown that depletion of Mcm10 does not affect the stability of Pol ␣ (33) . As for its role in the elongation step, chromatin immunoprecipitation analysis revealed that Mcm10 migrates with the replisome in budding and fission yeasts (26, 46) . In contrast, other studies suggest that Mcm10 is not a stable component of the replisome (42, 43) . Thus far, Mcm10 has been found to exist as a monomer, dimer, trimer, and hexamer in vitro (25, 47, 48) , whereas the oligomeric state of Mcm10 in vivo remains unknown.
Limited proteolysis and mass spectrometry analyses revealed that Mcm10 in higher eukaryotes contains at least three functional domains (49) : the N-terminal domain that is involved in multimer formation (49, 50) , the conserved internal domain that interacts with DNA as well as Pol ␣ (49) , and the C-terminal domain that is specific to metazoans and interacts with DNA, Pol ␣, Cdc45, and Sirt1 (35, 36, 49) . X-ray crystallography and NMR spectroscopy have shown that the oligonucleotide/ oligosaccharide binding-fold (OB-fold) of the internal domain competitively interacts with DNA and the catalytic subunit of Pol ␣ (51, 52). The zinc finger motifs in the internal domain and C-terminal domain are also involved in DNA binding (48, 49, 53) .
Recently, budding yeast Mcm10 was reported to interact with double hexameric Mcm2-7 through the C-terminal region and be involved in double hexamer splitting (54, 55 
Results

Chromatin-associated Mcm10 interacts with Mcm2-7
We previously reported that Mcm10 associated with DNase I-resistant nuclear structures (31) . However, we found that Mcm10 was extracted with benzonase, a potent nuclease that degrades all forms of DNA and RNA and is active even at low temperature (Ͻ16°C). The extraction of Mcm10 by benzonase was temperature dependent, and Mcm10 was not extracted efficiently at 30°C although chromosomes were digested to the mononucleosomal level by an unknown mechanism (data not shown). The nuclease treatment at 30°C may denature Mcm10 proteins and enhance the hydrophobic interactions with nuclease-resistant structures. To confirm that fractionation was performed properly, the localization of several replication factors as well as lamin B1 was investigated ( Fig. 1A) . As demonstrated previously, more than half of the Mcm2, Mcm6, and PCNA were free in soluble fractions, whereas the remaining proteins were bound to chromatin and extracted by benzonase 
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treatment (56, 57) . On the other hand, lamin B1 was localized in nuclease-resistant structures. Next, we obtained a benzonase-soluble fraction from HeLa cells stably expressing HA-tagged Mcm10 and then purified chromatin-associated HA-Mcm10. Chromatin-associated HA-Mcm10 was co-purified with Mcm2-7 as described previously (33) (Fig. 1B) . Additionally, a small amount of endogenous Mcm10 was co-purified with HA-Mcm10, suggesting that HA-Mcm10 forms a complex with endogenous Mcm10. We observed the reproducible co-immunoprecipitation with a substantial amount of Mcm2-7, but no co-immunoprecipitation was observed with components of the replisome such as And-1, PCNA, and Pol ␣ (data not shown), which may reflect the lability of these interactions in solution.
To confirm that Mcm10 interacts with Mcm2-7 independently of DNA, the immunoprecipitation was performed in the presence of ethidium bromide to inhibit the interaction of proteins with double-stranded DNA (58) . The amount of co-purified Mcm2-7 was decreased by 75% in the presence of ethidium bromide, suggesting that the DNA binding of either Mcm10 or Mcm2-7 cooperates for the interaction (Fig. 1C ). To determine whether the interaction is regulated through the cell cycle, HA-Mcm10 was immunoprecipitated from either a benzonase-soluble fraction of cells that were growing asynchronously or a Nonidet P-40 soluble fraction of cells that had been arrested in metaphase as both Mcm10 and Mcm2-7 are released from chromatin at metaphase (Fig. 1D ). The interaction between Mcm10 and Mcm2-7 was dependent on the cell cycle and was not observed at metaphase.
Identification of the Mcm10 domain that interacts with Mcm2-7
To determine whether a discrete part of Mcm10 is required for the interaction with the Mcm2-7 complex, a set of truncation mutants of HA-tagged Mcm10 was transiently expressed in HeLa cells and a co-immunoprecipitation assay was performed using Nonidet P-40-soluble fractions ( Fig. 2 ). Mcm10 contains several domains: an N-terminal domain required for oligomerization, a conserved domain in the middle that interacts with DNA and Pol ␣, and a C-terminal domain that interacts with DNA, Pol ␣, Cdc45, and Sirt1 ( Fig. 2A ). We found that Mcm10 interacted with Mcm2-7 through the domain that contained amino acids 530 -655, to which no functions have been attributed so far (Fig. 2, A To confirm that the interaction between overexpressed, truncated Mcm10 and Mcm2-7 in Nonidet P-40-soluble fractions is not an artifact, because a major fraction of Mcm10 associates with chromatin in vivo, we next investigated whether Mcm10 interacts with Mcm2-7 through the domain that contains amino acids 530 -655 in vivo. We established HeLa cell lines expressing the HA-tagged truncated Mcm10 mutants ( Fig. 3, A and B) . The stable expression of truncated mutants did not have dominant negative effects on cell cycle progression (data not shown), indicating that the expression levels were insufficient to replace endogenous Mcm10. The cellular proteins were fractionated as described in Fig. 1 , and the subcellular localization of proteins was examined ( Fig. S1B ). Then the cellular proteins were fractionated as described in Fig. 1A , and the subcellular localization of proteins was examined by immunoblotting (supplemental Fig. S1C ). Mcm10 was efficiently extracted from Nonidet P-40-insoluble fraction with benzonase treatment in mock-or control siRNA-transfected cells. Conversely, more than half of Mcm10 was localized in benzonase-unextractable fraction in Mcm2-7-depleted cells. These results also suggest that the interaction with Mcm2-7 is necessary for proper nuclear localization of Mcm10.
Depletion of Mcm10 perturbs new origin firing
To explore the functions of Mcm10, we depleted Mcm10 using siRNAs in HeLa cells. We used three independent siRNAs designed for different sequences of the open reading frame (Fig.  4A) , and a significant reduction in the amount of Mcm10 was observed 24 h after transfection (down to less than 10% of the original level, Fig. 4B ). We first examined whether down-regulation of Mcm10 inhibited S phase progression (Fig. 4C ). The population of bromodeoxyuridine (BrdU)-positive cells increased slightly in the first 24 h after transfection, which was caused by prolonged S phase as described below, and then decreased at a later time point.
Next, we depleted Mcm10 in synchronous HeLa cells. HeLa cells were transfected with siRNAs and synchronized at the G 1 /S boundary by a sequential excess thymidine-aphidicolin block. Cells were then released into S phase, and DNA replication was analyzed by immunostaining of the incorporated BrdU Cdc45, and Pols) should be sufficiently loaded onto chromatin. We did not detect a down-regulation of Pol ␣ as previously reported (32) . When Triton-insoluble fractions were examined, the chromatin loading of pre-RC proteins (Orc2 and Mcm7) was unaffected. Additionally, the chromatin loading of Dbf4, Cdc45, and Pol ⑀, which are assembled at origins before unwinding, was unaffected. On the other hand, RPA level in chromatin-bound fraction was reduced by 60% in Mcm10-depleted cells, suggesting that origin unwinding was inhibited. Moreover, the levels of PCNA and Pol ␣ in chromatin-bound fractions, which are recruited during elongation of DNA replication, were reduced by 70 and 60% in Mcm10-depleted cells, respectively.
To address whether the inhibition of S phase progression was a consequence of a defect in DNA initiation and/or slowed elongation, a DNA fiber assay was performed to estimate the rate of replication fork migration ( Fig. 5 ). Cells were pulse-labeled sequentially with iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU), and the labeled DNA fiber spread on a glass slide was detected with specific antibodies as described in the "Experimental Procedures" section. As shown in Fig. 5A , the distribution of labeled track length as well as the average length did not change after Mcm10 knockdown. Based on a conversion factor of 1 m ϭ 2.59 kb (61), replication forks grew at an average rate of 2.1 kb/min, which is in agreement with measurements reported by others (61) .
We next performed a DNA combing assay to examine whether Mcm10 depletion affects origin firing. The inter-origin distance increased in Mcm10-depleted cells, suggesting that Mcm10 depletion perturbs origin firing (Fig. 5B ). Although the length of S phase was nearly double in Mcm10-depleted cells, the average inter-origin distance was increased by only 30% in those cells. This may be because of the limit of this method; the distance spanning more than a few hundred kilobases of DNA is difficult to detect, which leads to an underestimation. These results suggest that prolonged S phase in Mcm10-depleted cells was caused by the reduction of initiation frequency, not by the slowed fork rate.
Knockdown of endogenous Mcm10 was rescued by the truncated mutants of Mcm10
Next, we established additional cell lines expressing HA-tagged truncated Mcm10 mutants and performed knockdown and replacement studies to analyze the contribution of the Mcm2-7interacting domain to S phase progression (Fig. 6, A and B) . The knockdown of endogenous Mcm10 was confirmed by immunoblotting (Fig. 6C) , and the S phase progression was monitored by BrdU incorporation (Fig. 6D) 
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induce the nuclear transport of the mutant protein because these mutants were mainly localized in cytoplasm because of the leucine-rich nuclear export signal in the N-terminal region (amino acids 126 -135, MKALQEQLKV) (supplemental Fig. S2 ). The typical nuclear export signal consists of four spaced hydrophobic residues (⌽ 1 -⌽ 4 ) and follows the consensus sequence ⌽ 1 -X 2-3 -⌽ 2 -X 2-3 -⌽ 3 -X-⌽ 4 , where X 2-3 represents any two or three amino acids. Four critical hydrophobic (⌽) residues are underlined. The 
Localization of GFP-Mcm10 mutants in S phase
Fractionation analysis showed that the Mcm2-7-interacting domain is correlated with efficient extraction from chromatin using benzonase ( Fig. 3C and supplemental Fig. S1C ). Next, we tried to detect the subcellular localization of HA-Mcm10 mutants in HeLa cells. However, several mutants were difficult to detect with immunofluorescence staining, which may be because of epitope masking. Therefore, we established cell lines expressing GFP-tagged Mcm10 mutants (Fig. 7A ). We first examined the localization of mutant Mcm10 proteins in an asynchronous cell population without Triton extraction (Fig.  7B, left with the progression of S phase. Unexpectedly, a small fraction of Mcm10(1-693) was also observed in similar nuclear foci after extraction, whereas a major fraction was found in the cytoplasm. It may be that a fraction of Mcm10(1-693) was retained in insoluble nuclear foci after being transported into the nucleus through a piggyback mechanism or shuttling between the nucleus and cytoplasm, because 
Discussion
Although the interaction between Mcm10 and Mcm2-7 has been observed in various species (23, 31, 62, 63) , the physiological meaning of the interaction and the exact roles of Mcm10 in replication remain controversial. Recent studies showed that budding and fission yeast Mcm10 interacts with Mcm2-7 via the C-terminal domain, which in turn is essential for DNA unwinding at the origins (54, 55) . However, the Mcm2-7-interacting domain in yeast is not conserved in higher eukaryotes. In the present study, we identified the Mcm2-7interacting domain of human Mcm10 and found that it was important for Mcm10 function.
The chromatin-associated Mcm10 preferentially bound to Mcm2-7 in HeLa cells. Mcm10 interacted with Mcm2-7 in the absence of DNA; however, its interaction was stimulated by DNA. It is suggested that monomeric budding yeast Mcm10 binds to dsDNA cooperatively (25) , which may be induced by protein-protein interactions or a conformational change in proximal DNA for which Mcm10 may have an enhanced affinity. Additionally, the interaction of budding yeast Mcm10 with ssDNA induces the trimer formation (25) . Therefore, the oli- particular polar and charged amino acids, which is typical for intrinsically disordered proteins (IDPs) (64) . Contrary to the traditional view that protein function requires a stable threedimensional structure, recent studies reveal that disordered regions are often functional and fold upon binding to their biological target. Furthermore, some IDPs can bind several different targets, and it has been suggested that IDPs adopt different structures (65) . Although further spectrometric methods such as NMR or CD spectrum are necessary to determine whether the Mcm2-7-interacting domain has a disordered structure, it is intriguing to examine whether this domain can interact with other replication factors or whether post-translation modification affects the structure because the interaction between Mcm10 and Mcm2-7 was dependent on the cell cycle. In general, the disordered region evolves significantly more rapidly than the ordered region (66) , which may explain why this region is not highly conserved even among higher eukaryotes.
The Mcm2-7-interacting domain overlapped with the domain required for the stable retention of chromatin in S phase progression and the efficient extraction from chromatin with nuclease digestion. Furthermore, depletion of Mcm2-7 with siRNA reduced the extraction efficiency of Mcm10 with nuclease digestion. Taken together, Mcm10 is likely bound onto chromatin through the interaction with Mcm2-7, whereas the central conserved domain (amino acids 236 -435) and the C-terminal conserved domain (amino acids 700 -860), which have DNA binding activity (48, 49) , appear to be insufficient for chromatin binding.
To define the function of Mcm10, we performed knockdown analysis using siRNA. Mcm10 depletion slowed S phase, but did not inhibit DNA replication completely, probably because Mcm10 was highly abundant (67) and the residual proteins that escaped knockdown by siRNA supported DNA replication. The depletion of Mcm10 reduced the frequency of replication initiation, whereas the fork velocity of each replication fork remained unchanged. The chromatin loading of Dbf4, Cdc45, Pol ⑀, and pre-RC components was not affected in Mcm10depleted cells, whereas the chromatin loading of RPA, Pol ␣, and PCNA, which are loaded after origin unwinding, was inhibited in Mcm10-depleted cells. Similar results were obtained in budding and fission yeast using degron mutants (42) (43) (44) . Our results are also consistent with the recent in vitro observation that chromatin loading of Cdc45 is independent of Mcm10 (7, 8) . Therefore, our results favor the hypothesis that Mcm10 primarily interacts with Mcm2-7 and is involved in a step during origin unwinding after formation of the CMG complex. However, we cannot rule out the possibility that Mcm10 is also involved in elongation. For example, Mcm10 may recruit Pol ␣ or PCNA to the replication fork because Mcm10 physically interacts with these proteins (26, 27) . Alternatively, Mcm10 may affect the stability of CMG complex and stimulate elongation as reported recently (68) .
Contrary to our DNA fiber assay results, Fatoba et al. reported that the inter-origin distances slightly decreased when Mcm10 was knocked down in HCT116 cells, whereas fork velocities did not change in those cells (36) . In their report, DNA replication was analyzed 48 h after siRNA transfection without synchronization. They also found that Mcm10 knock-down produced a significant decrease (Ͼ2-fold) in the number of S phase cells and accumulation of the phosphorylated form of histone H2AX. Therefore, the reduction of inter-origin distance may result from the activation of dormant origins, which is not a direct consequence of Mcm10 depletion but rather a secondary event caused by activation of the DNA-damage checkpoint pathway.
We also investigated the functions of domains using replacement analysis and found that either the N-terminal Mcm10 is known to interact with several subunits of Mcm2-7 proteins in budding yeast (23, 41, 55, 68) . We have also found that human Mcm10 interacts with Mcm2 and Mcm6 with higher affinity compared with other subunits of the Mcm2-7 complex in a yeast two-hybrid screen (31) . Further investigation is necessary to determine the molecular architecture of the interaction between Mcm10 and Mcm2-7. Budding yeast Mcm10 specifically associates with double hexameric Mcm2-7, but not soluble single hexamers (54) , whereas Mcm10 interacts with single hexamers in vitro (41) . Our results also showed that human Mcm10 interacted with soluble Mcm2-7 when overexpressed ( Fig. 3) . Other replication factors, which interact with Mcm10, might ensure that Mcm10 associates specifically with the double hexameric Mcm2-7 in vivo. In our previous report, Mcm10 is recruited to the replication sites 30 -60 min before they replicate in mammalian cells (67) . It would be interesting to elucidate how the interaction with Mcm2-7 is temporally and spatially regulated throughout S phase and whether DDK or S-CDK is involved in the interaction.
Experimental procedures
Plasmid construction
To construct pHA-IREShyg and pGFP-IREShyg, the HA epitope tag and GFP tag from either ptetHA11 (67) or ptetGFP (69) was amplified by PCR using the primers 5Ј-ATT AGG ATC CAG CCT CCG CCT AGC-3Ј and 5Ј-CTA CAA ATG TGG TAT GGC TG-3Ј, digested with BamHI, and subcloned into the compatible site of pIREShyg (Clontech). To construct a series of deletion constructs, the appropriate region of human Mcm10 cDNA was amplified by PCR using primers containing the SmaI site and a stop codon, digested with SmaI, and then subcloned into the compatible site of pHA-IREShyg or pGFP-IREShyg. Sequence analysis confirmed that no mutations had been introduced into the amplified sequence during PCR. An siRNA-resistant mutant cDNA was generated by introducing silent mutations at codons Ile-217 (ATT3 ATC), Ser-218 (TCT3 TCA), Arg-219 (CGG3 AGA), Leu-378 (TTA3 CTG), Ile-379 (ATT3 ATC), Gly-381 (GGT3 GGA), Ser-487 (AGT3 AGC), Asn-488 (AAT3 AAC), and Leu-489 (CTG3 TTA) using the Quik-Change Site-Directed Mutagenesis Kit (Agilent Technologies), and specific mutations were confirmed by sequencing. To construct the mouse expression vector, Mcm10 was amplified by PCR using a mouse embryonic cDNA library (Clontech) with the forward primer 5Ј-GGT GAT CAT GGA TGT GGA GGA AGA CGA CT-3Ј and reverse primer 5Ј-CCG TCG ACT TGA GGC TGT TCA GAA ACT TG-3Ј. The PCR fragment was subcloned into the vector pSKB4 as described (70) .
Cell culture and siRNA transfection
HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum. To establish stable cell lines expressing HA-or GFP-tagged Mcm10 mutants, the expression vectors were linearized with SspI and transfected into HeLa cells using Lipofectamine 2000 reagent (Thermo Fisher) according to the manufacturer's protocol. Stably transformed cell lines were selected with 400 g/ml hygromycin B and maintained as described previously (67) .
Stealth siRNAs (Thermo Fisher) were synthesized against the following target sequences: #1, 5Ј-GGT CTT AAT TAT GGG TGA AGC TCT T-3Ј; #2, 5Ј-CCA CTC TGA GTA ATC TGG TTG TTA A-3Ј; and #3, 5Ј-GAC GAT TTC TCG GAA CAA A-3Ј. For siRNA transfection using an asynchronous cell population, cells plated at 10 4 cells per well of 24-well dishes were grown for 24 h. Then, cells were transfected with 100 nM Stealth RNAi with RNAiMax (Thermo Fisher) according to the manufacture's protocol for 24 h. For siRNA transfection using a synchronous cell population, cells plated at 2 ϫ 10 4 cells per well of 6-well dishes or at 5 ϫ 10 3 cells per well of 24-well dishes were grown for 24 h. Then, the cells were treated with 2.5 mM thymidine for 14 h, washed twice with fresh medium, and transfected with 100 nM Stealth RNAi with RNAiMax (Thermo Fisher) according to the manufacture's protocol. Ten h later, aphidicolin was added at 15 M and incubated for another 14 h to synchronize cells at the G 1 /S boundary. Stealth RNAi Negative Control Low GC Duplexes (Thermo Fisher) were used as a control. To monitor DNA synthesis, cells were pulse-labeled with BrdU for 10 min, and incorporated BrdU was detected by immunofluorescence as described (67) . In knockdown studies using HA-Mcm10(1-482) or HA-Mcm10(1-693), leptomycin B (10 nM) was added to cells after release from the G 1 /S boundary because these mutants were primarily localized in the cytoplasm due to the nuclear export signal.
Fractionation of cellular proteins and co-immunoprecipitation analysis
Whole cell extracts were prepared as described previously (31) . To obtain nuclease-soluble fraction from stable cell lines expressing HA-tagged Mcm10 mutant proteins, 2 ϫ 10 6 cells were lysed in 200 l of lysis buffer containing 25 mM Hepes, pH 7, 0.1 M NaCl, 2.5 mM EGTA, 3 mM MgCl 2 , 1 mM DTT, 0.1% Nonidet P-40, 10 mM NaF, 0.25 mM Na 3 VO 4 , 10% glycerol, and 2ϫ cOmplete TM (Roche) at 4°C for 10 min and subjected to low-speed centrifugation (700 ϫ g for 2 min). After Nonidet P-40 -extracted nuclei were washed once with lysis buffer, DNA and RNA were digested with 0.25 unit/l benzonase (Millipore) in lysis buffer at 10°C for 1 h. The sample was cleared by centrifugation at 700 ϫ g for 5 min, and the supernatant containing the solubilized chromatin proteins was obtained. The chromatin proteins were then incubated with 1 g of anti-HA rabbit antibody (Medical & Biological Laboratories Co., Ltd.) or anti-HA rat monoclonal antibody (Roche, 3F10) at 4°C for 1 h, after which 10 l of Protein G Sepharose 4 Fast Flow (GE Healthcare) was added and incubated for an additional 1 h. As a control, normal rabbit antibody or normal rat antibody was used (Jackson ImmunoResearch Laboratories). The beads were washed five times with lysis buffer, and the precipitates were dissolved in 40 l of 2ϫ SDS-PAGE sample buffer and subjected to immunoblotting.
For immunoprecipitation from HeLa cells where mutant proteins were transiently expressed, HeLa cells were plated at 10 6 cells in 6-cm dishes and transfected with pIREShyg expressing HA-tagged mutant Mcm10 using Lipofectamine 2000 Reagent (Thermo Fisher) according to the manufacturer's protocol for 24 h. The cells were then lysed in 200 l of lysis buffer at 4°C for 10 min and centrifuged at 3000 rpm for 5 min. The lysates were subjected to immunoprecipitation as described above. For chromatin fractionation, shown in Fig. 4E , chromatin-unbound and -bound proteins were obtained as described previously (60) . GST-tagged mouse Mcm10 and mouse Mcm4/6/7 were overproduced in the E. coli strain BL21 (DE3) and purified as described (70) . The GST-pulldown assay was carried out as described (70) .
Protein bands were detected using the chemiluminescent reagent SuperSignal (Thermo Fisher) and analyzed by a luminoimage LAS-3000 analyzer (GE Healthcare). The anti-human Mcm10 and Mcm3 antibodies used were described previously (31, 71) . Anti-Orc2 (no. M055-3) and anti-HA rabbit (no. 
DNA fiber assay
Cells were pulse-labeled with 20 M IdU for 20 min, washed twice with PBS, and then labeled with 20 M CldU for 15 min. DNA was spread onto glass slides as described previously (61) . After DNA was depurinated with 2 N HCl for 30 min, IdUlabeled tracks were detected with anti-BrdU antibody (no. 347580; BD Biosciences) and FITC-conjugated anti-mouse IgG (no. 715-096-151; Jackson ImmunoResearch Laboratories). CldU-labeled tracks were detected with anti-BrdU antibody (no. OBT0030; Oxford Biotechnology Ltd.) and Texas Redconjugated anti-rat IgG (no. 712-076-153; Jackson Immu-noResearch Laboratories). Images of labeled DNA fibers were acquired using an Olympus AX70 fluorescent microscope equipped with a 100ϫ UplanApo (1.35 NA) oil-immersion objective. The track length was measured using IP Lab software (BD Biosciences) and converted to kilobase pairs using a conversion factor of 1 m ϭ 2.59 kb (61) .
DNA combing assay
Cells were pulse-labeled with 100 M IdU for 20 min, washed twice with PBS, and then labeled with 100 M CldU for 20 min. Genomic DNA was prepared and combed onto the silanated coverslips (Matsunami Glass) as described previously (72) . After DNA was denatured with formamide, IdU-labeled DNA was detected with mouse anti-BrdU monoclonal antibody (BD Biosciences) and Alexa Fluor 555-conjugated goat anti-mouse IgG (Thermo Fisher). CldU-labeled DNA was detected with rat anti-BrdU monoclonal antibody (Oxford Biotechnology) and Alexa Fluor 488-conjugated rabbit anti-rat IgG (Thermo Fisher). Images of labeled DNA fibers were acquired using a Zeiss Axioplan 2 MOT equipped with a 63ϫ Plan Apochromat (NA 1.4) objective. Fluorescent signals were measured by using MetaMorph version 6.1 software (MDS Analytical Technologies) and converted to kilobase pairs using a conversion factor of 1 m ϭ 2.32 Ϯ 0.11 kbp (72) .
Fluorescence microscopy
Cells grown on coverslips were washed three times with icecold PBS and fixed with 4% paraformaldehyde at 4°C for 15 min. In experiments in which cells were first extracted, cells were washed three times with ice-cold PBS and then incubated in the buffer containing 25 mM Hepes, pH 7.5, 0.1 M NaCl, 2.5 mM EGTA, 3 mM MgCl 2 , 1 mM DTT, 0.1% Nonidet P-40, 10 mM NaF, 0.25 mM Na 3 VO 4 , 10% glycerol, and 2ϫ cOmplete (Roche) at 4°C for 10 min before fixation. GFP-tagged Mcm10 mutants were visualized using a Zeiss microscope equipped with a 60ϫ oil-immersion objective and ApoTome system. Images were taken with a CCD camera and assembled using ZEN software.
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